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Summary
Background: In the fly’s visual motion pathways, two cell
types—T4 and T5—are the first known relay neurons to signal
small-field direction-selective motion responses [1]. These
cells then feed into large tangential cells that signal wide-field
motion. Recent studies have identified two types of columnar
neurons in the second neuropil, or medulla, that relay input to
T4 from L1, the ON-channel neuron in the first neuropil, or
lamina, thus providing a candidate substrate for the elemen-
tary motion detector (EMD) [2]. Interneurons relaying the OFF
channel from L1’s partner, L2, to T5 are so far not known,
however.
Results: Here we report that multiple types of transmedulla
(Tm) neurons provide unexpectedly complex inputs to T5 at
their terminals in the third neuropil, or lobula. From the L2
pathway, single-column input comes from Tm1 and Tm2 and
multiple-column input from Tm4 cells. Additional input to T5
comes from Tm9, the medulla target of a third lamina inter-
neuron, L3, providing a candidate substrate for L3’s combina-
torial action with L2 [3]. Most numerous, Tm2 and Tm9’s input
synapses are spatially segregated on T5’s dendritic arbor,
providing candidate anatomical substrates for the two arms
of a T5 EMDcircuit; Tm1 and Tm2 provide a second. Transcript
profiling indicates that T5 expresses both nicotinic and
muscarinic cholinoceptors, qualifying T5 to receive cholinergic
inputs from Tm9 and Tm2, which both express choline acetyl-
transferase (ChAT).
Conclusions: We hypothesize that T5 computes small-field
motion signals by integrating multiple cholinergic Tm inputs
using nicotinic and muscarinic cholinoceptors.
Introduction
More than 50 years ago, quantitative behavioral studies on
insects gave rise to an influential model of visual motion detec-
tion, the Hassenstein-Reichardt elementary motion detector
(EMD) [4, 5]. In this mathematical model, two visual signals
with a spatial offset, one instantaneous and the other delayed
by a temporal filter, are combined at a ‘‘multiplication’’ unit to
generate direction-selective motion signals. Electrophysiolog-
ical investigation on direction-selective motion-sensitive neu-
rons in the rabbit’s retina led to the Barlow-Levick model,
which uses a similar delay-and-compare strategy but employs*Correspondence: iam@dal.caan inhibitory mechanism to suppress motion signals in the null
direction [6]. Despite the widespread influence exerted for the
last half century on those working on both insect and verte-
brate visual systems, the Hassenstein-Reichardt EMD has
remained a purely biocybernetic model. Detailed knowledge
of its implementation by actual neurons to generate local
motion detection in the insect visual system is only now being
unraveled. Still unresolved, however, is how multiplication, a
mathematical necessity, might be generated physiologically
by purely synaptic means.Differing Pathways from L1 and L2 Are Required to Detect
Motion
It is now well established that L1 and L2, a pair of columnar
neurons in each column or cartridge in the first optic neuropil,
the lamina, together are needed for a fly to sense motion. L1
and L2 are required to detect moving ON and OFF edges,
respectively [7], providing inputs to circuits specialized to
detect moving light and dark edges [8] that serve analogous
functions to ON and OFF bipolar neurons of the vertebrate
retina [9, 10]. At their inputs, L1 and L2 are postsynaptic at
each of the tetrad synapses from the lamina terminals of
photoreceptor neurons R1–R6 [11–13]. These express a single
rhodopsin, Rh1 [14], and respond to a broad spectrum of light
[15], providing a monochromatic input, like vertebrate rods.
Because every tetrad invariably incorporates L1 and L2 as a
pair at two of its four postsynaptic sites, the overall synaptic
input to these two cells is carefully matched. Independently,
L2 also provides input from lamina collaterals of L4. That input
is closely reciprocated.
By contrast, L1 and L2 have completely different outputs.
Their terminals innervate specific strata of the distal medulla,
L1 in strata M1 and M5, and L2 between these in stratum M2
[16]. The cells provide inputs to two antiparallel motion path-
ways previously identified anatomically mostly in large fly
species (for a review, see [17]). Silencing of both pathways
blocks motion sensing [3, 18, 19], as does silencing of their
eventual outputs, T4 and T5 [20]. In turn, T4 and T5 cells
both exhibit direction-selective responses [1] and converge
upon the dendrites of giant lobula plate tangential cells
(LPTCs) [17], which signal wide-field motion in either a hori-
zontal (HS cells) or vertical (VS cells) direction [21]. Each T4
and T5 cell type comprises four subtypes, a–d [2, 16], that
terminate one each in four strata of the lobula plate (Figure 1A).
Each stratum exhibits direction-specific activity, for example
in the pattern of [3H]-2-deoxyglucose uptake in response to
wide-field motion stimuli [22, 23]. A direct synaptic contact
has been reported from T4 to an HS cell dendrite [24], but
pathway details are otherwise sparse.The Medulla Targets of L1 and L2
Recent reports from Drosophila do much to identify the
medulla targets of L1 and L2 that connect to T4 and T5
[2, 25]. L1 provides input to a single-column medulla intrinsic
(Mi) neuron,Mi1, that contacts T4 cells in the proximalmedulla,
while L2’s chief targets are not one, but two single-column
transmedulla (Tm) cells, Tm1 and Tm2 (Figure 1A), that
penetrate the medulla and terminate in the lobula [2, 25].
Many of these two cells’ dendrites receive input at the same
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Figure 1. T4 and T5 Provide Two Independent
Pathways to Four Different Lobula Plate Strata
(A) T4 (magenta) and T5 (green) inputs to four
strata of the lobula plate, LOP (Lop1–Lop4). Tm
cell inputs to T5 come via the L2 (Tm1, Tm2,
and Tm4; cyan) and L3 (Tm9; orange) pathways
from the lamina (LA). L1 pathway inputs to T4 in
the proximal medulla (ME) are shown only in
part for clarity, with the terminals of Tm3 in the
lobula (LO) omitted. Orientation markers are as
follows: the lobula is rotated 90 with respect to
the medulla so that its anterior (ant) direction
points toward the medulla and its posterior
(post) toward the head’s midline (M). The lobula’s
Tm cell inputs enter at its distal strata (dist),
roughly toward the eye’s lateral edge (L), and
extend proximally (prox). The lobula’s anterior
edge receives input from frontally directed
ommatidia and lamina cartridges, toward the
head’s anterior (A), after two inversions of the
pathways through the chiasmata between lamina
and medulla, and between medulla and lobula.
(B–E) Tm cell terminals innervate T5 cells in the
lobula. Terminals of Tm1, Tm2, Tm4, and Tm9
are at four depths in the lobula stratum Lo1:
1.8 mm (B), 2.8 mm (C), 3.5 mm (D), and 4.7 mm (E)
from the border with the inner chiasma. Lo1
completely contains the terminals of Tm9, Tm2,
and the dendrites of T5, with Tm9 falling more su-
perficiallywithin this stratum [16]. The terminals of
Tm2 extend deeper than those of Tm9 (ED), and
Tm4 extends down to stratum Lo4. The profiles
of terminals are often divided (Tm2 and Tm9 in D).
(F–K) Terminals of four modular Tm cell types.
(F) Viewed fromdistal toproximalwithin the lobula
neuropil, the terminals of 11 Tm9 cells tile the lob-
ula, one per column, without touching; overlap is
apparent, an artifact of the reconstruction angle.
(G) Terminals of Tm1, Tm2, and Tm9 overlap each other as a fascicle in a single column. A bundle of horizontally directed axons in the optic chiasma (OCH)
reveals the entry path for Tm axons to the neuropil.
(H) Tm4’s terminal extends more deeply and is separate from the bundled terminals of the other three Tm cells, and lacks presynaptic sites in Lo2 and Lo3.
(I–K) The terminal of Tm1 (I) is smallest, while the terminal of Tm9 is larger (K), more complex, andmore compact than that of Tm2 (J), which extends deeper.
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in the lamina. Tm2 also receives input from the terminals of L4
[2, 25].
Even though a major single-column target of L1 is indeed
Mi1, previously undetected inputs are also made to a group
of Tm3 neurons with dendrites that spread between columns
[2]. Neurotransmitter candidates have yet to be identified for
these two inputs. Likewise, L2 provides inputs to a corre-
sponding group of Tm4 cells [2] (Figure 1A), so that both L1
and L2 provide respective input to single-column (Mi1 and
Tm1/Tm2) and multiple-column (Tm3 and Tm4) medulla target
neurons. Dense reconstruction of a single medulla column [2]
reveals that Mi1 and Tm3 neurons alone provide strong con-
nections, having many synapses spanning between the termi-
nal of L1 and the dendrites of T4 cells in stratum M10 of the
proximal medulla. The strength and exclusivity of anatomical
connection between L1 and T4, as well as the correspondence
between the anatomical vector of T4’s dendrite and that of the
lobula plate, provide a strong basis to propose that vector
comparisons between the Mi1 and combined Tm3 inputs
from L1 to T4 could constitute two arms of an EMD. These
same features also provide a basis against which to compare
L2’s corresponding pathways to T5 cells, which we now
report. Such a correspondence first required serial-section
electron microscopy (ssEM) to document those Tm cells that
provide input to T5 in the lobula, further interpretation of whichis aided by identifying the transmitter systems employed by
cells in the L2 pathway.
T5 Receives Input from the Lobula Terminals of Four
Specific Types of Tm Cells
T5 cells have an axon that divides in the inner chiasma,
doubles back, and then innervates the lobula plate. Large fly
species have up to four T5 cells per column [24], and
Drosophila has four anatomical subtypes overall [16], each
morphologically similar to those of T4 but with dendritic arbors
in the lobula that resemble those of T4 in the proximal medulla
(Figures 1A and 2). These four exhibit direction-selective re-
sponses to moving stimuli [1, 26].
Results
Synaptic studies on the lobula have so far to be reported, and
inputs to T5 have been those surmised solely by overlap
between Tm terminals and T5 dendrites. Using EM, we now
reveal that these inputs differ in unexpected ways from those
to the T4 cells. We could identify the terminals of Tm cells
from their shapes and depths of termination, by comparison
with those previously reported from Golgi impregnation [16].
Given the complex branching patterns of T5’s dendrites, how-
ever, we used T4/T5-Gal4-driven UAS-HRP::CD2 to target






Figure 2. Tm Cell Synaptic Inputs to T5 Dendrites
(A) EM of lobula stratum Lo1 showing a terminal of Tm2 surrounded by T5
dendrites expressing HRP over their membranes. Insets show HRP+ (red)
and HRP– (green) profiles, with presynaptic T bar ribbon visible in Tm2
(yellow) providing input to HRP labeled T5 dendrites.
(B–F) Representative pairs of Tm terminals overlapping the dendritic arbor
of cell T5-1. Confirming its identity, the latter has a bifurcated axon with
the more slender branch going to the lobula plate and its stouter partner
connecting to the cell body (arrowheads in B). With T5-1 are lateral views
of Tm1 (B; same terminal as Figure 1I), Tm2 (C; same terminal as Figure 1J),
Tm9 (D; same terminal as Figure 1K), and Tm4 (E; same terminal as Fig-
ure 1H). The background shows bundles of horizontally directed chiasmal
axons. In a tangential plane (F), the overlap between neighboring T5 cells
is shown: T5-02 (orange), T5-01 (yellow), and T5-11 (green), with their
color-coded synaptic inputs from four types of Tm input cells, Tm1, Tm2,
Tm4, and Tm9 (between one and three cells per type, color coded as in Fig-
ures 3A–3L).
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diaminobenzidine [27] (Figure 2A). This method, which suc-
cessfully marks medulla neurons (e.g., [28]), labels T5’s tiny
dendrites, which would be difficult to trace in unlabeled prep-
arations. The resulting reconstructions (Figures 2B–2E) are ascomplete as those reported for T4 cells using semiautomated
reconstruction methods (see Figure 6 in [2]), but are obtained
much more efficiently. The HRP label also enabled us to iden-
tify any small, orphaned neurites that we could not trace back
to a parent T5 cell, but in which HRP expression revealed such
an origin. We could clearly see the presence of T bar ribbons,
sites of neurotransmitter release at active zones [29], in termi-
nals that abutted HRP labeled T5 profiles. The HRP label was
sufficiently fine so as not to obscure the T5 cytoplasm,
enabling us to ascertain that T5 dendrites entirely lacked T
bar ribbons themselves and were thus nowhere presynaptic.
Use of targeted HRP expression is of course limited to individ-
ual neurons and does not circumvent the need to trace the
unlabeled input terminals of Tm neurons, which also required
considerable labor, especially in the case of the deep terminals
of Tm4.
We concentrated on those Tm neurons that Golgi impregna-
tion revealed had greatest overlap with the dendrites of T5, in
lobula stratum Lo1 [16]. Most obvious were inputs from the L2
pathway [2, 25]: Tm1, Tm2, and Tm4. In addition, we could
readily identify the terminals of a fourth Tm neuron, Tm9,
from the size of its profiles in all columns; this neuron has
previously been identified to converge upon Lo1 in large fly
species [30], but its synaptic targets have not been unambig-
uously identified. The axons from Tm1 and Tm2 entered the
lobula with Tm9 as a bundle, which we presumed to corre-
spond to a medulla column, whereas Tm4 was separate and
its terminal penetrated deeper. Because this wasmore slender
and needed to be traced a considerable depth, reconstructed
Tm4 neurons were fewer, as were their identified synaptic
inputs to T5.
In addition to the input they provide to T5, Tm4 also formed
synapses in Lo4, a deeper stratum of the lobula. So, unlike
their L2 pathway partners Tm1 and Tm2, which formed output
synapses exclusively onto T5 cells, Tm4 terminals presumably
provide a substrate for additional deeper circuits. For the five
most completely reconstructed Tm4 terminals, the average
total number of synapses was 29.2 6 4.66 (mean 6 SD), of
which 20.2 6 3.56 were in Lo1 and 9.0 6 2.45 in Lo4. Thus,
about 70% of Tm4’s synapses were distributed as inputs to
T5 cells, within Lo1. We could not reconstruct or identify any
of the targets of Tm4 in Lo4, but many visual projection
neurons, the likely targets of Tm4, project from this proximal
stratum to the central brain [16, 31], where they are anatomi-
cally qualified to convey L2 pathway information.
Inputs to T5 Incorporate Numerically Strong and Weak
Pathways
We found that Tm1 and Tm2, two major targets of L2 [2, 25],
provide strong inputs to T5 neurons. We also reveal that a third
L2 target, Tm4, provides input to T5 that was never previously
identified. Since these three cell types receive most of the
input from L2, our findings are consistent with the notion that
T5 computes motion signals based on the OFF-channel L2
pathway. For example, in a reference L2 that provided identi-
fied input to a total of 483 postsynaptic sites, 69% of contacts
were to dendrites of Tm1, Tm2, and Tm4 cells, allocated to
31.6%, 21.9%, and 15.7% of those contacts, respectively [2].
In sharp contrast to the L1 pathway that provides input to T4
in the medulla, however, T5 in the lobula also receives strong
input from the L3 pathway, via its main medulla target cell,
Tm9. That input also differs from those arriving from L2. L3
provides input to multiple medulla cell types, of which Tm9 is
only the third most populated by synaptic contacts. Thus, a
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aptic sites, of which only 12% were to dendrites of Tm9 [2].
Together, these four Tm cell inputs constitute 87% of the
total input to eight reconstructed T5 cells. Thus, in aggregate,
they are the only numerically strong pathways between L2 and
T5 and the sole pathway from L3. The numbers of presynaptic
contacts from Tm1, Tm2, Tm4, and Tm9 differed significantly,
however, both for different T5 cell targets and between the
input terminals themselves. Thus, the average number of syn-
apses per Tm terminal providing input to the four most
completely reconstructed T5 cells (T5-01, T5-02, T5-08, T5-
11) ranged from 12.25 synapses for Tm2 to 4.25 synapses for
Tm4 (Table S1 available online) and for other or unidentified
inputs only approximately three synapses. The dendrite:termi-
nal ratios for the numbers of input synapses (from [2]) to output
synapses (Table S1) therefore ranged from about 20 for both
Tm1 and Tm4 (for example Tm1 has >220 medulla inputs to
approximately seven T5 outputs, for a ratio of w30), less for
Tm2, and about two for Tm9. Tm9 thus differed from the other
Tm cells in having many T5 outputs for its few L3 input synap-
ses. The final validity of such numerical comparisons relies of
course upon knowledge of the synaptic gain at each class of
synapse. For this, some knowledge of neurotransmission at
each class of synapse is at a minimum necessary.
T5 Dendrites Receive Spatially Segregated Inputs from Tm
Cells
Inputs to T5 dendrites arrive from three prominent Tm cells
(Figures 1B–1E and 1G): Tm9, with a large conspicuous termi-
nal in Lo1 readily identified in all columns from its size (Fig-
ure 1K); Tm1, with a terminal in lobula stratum Lo1 (Figure 1I);
and Tm2, with a terminal also in stratum Lo1 (Figure 1J). The
Tm9 terminals tile the lobula’s stratum Lo1, overlapped by
the terminals of Tm1 and Tm2, leaving small spaces between
(Figure 1F), throughwhich pass the axons of Tm4, with a termi-
nal that extends deeper, from Lo1 to Lo4 (Figure 1H). Because
this needed to be traced a considerable depth, which for tech-
nical reasons was sometimes difficult, we reconstructed fewer
Tm4 neurons.
T5 cells exhibit directionally selective responses to moving
dark edges, just as do T4 cells for moving bright edges [1].
The medulla dendrites of T4 have two subcomponents to their
anatomical receptive field that arise from the two strong path-
ways, Mi1 and Tm3. Plotted as the corresponding weighted
centers of synaptic input for each cell type, there is a
small spatial offset between these subcomponents, and this
provides a vector corresponding to the direction selectivity
of the T4 cell, as defined by the lobula plate stratum in which
this terminates [2]. For the dendrites of T5, inputs from Tm1
and Tm2 and from Tm2 and Tm9 are both spatially segregated
over the dendritic arbor (Figure 3), leading us to examine
whether themembers of these two pairs of inputsmay likewise
signal from divergent fields of view, so as to provide a possible
substrate for a T5 EMDcircuit, but in this case two EMDs rather
than one. Our analysis of this possibility is limited because we
cannot identify the medulla columns of origin for the Tm neu-
rons we trace, for which wewould have to trace axons through
the orthogonal inflection in their trajectory through the internal
chiasma between medulla and lobula. Nevertheless, if we
reasonably assign each axon bundle to a single medulla col-
umn and neighboring bundles to neighboring columns, each
signaling a neighboring point in visual space, we could plot
the relative numbers of inputs to single T5 cell dendrites that
arose from different bundles (Figure 3M).We reconstructed eight T5 cells and plotted their four
numerically strong synaptic inputs from Tm1, Tm2, Tm4, and
Tm9. Because the number of inputs to T5 cells varied consid-
erably, we selected four with fewer than 8.6% of their inputs
unidentified or not from Tm1, Tm2, Tm4, or Tm9. All had
more than 22% of their inputs from Tm9. Four other T5 cells
had more unidentified inputs, up to 16.7% of the total, and
two had fewer Tm9 inputs (one cell in fact having only a single
such input). The distributions of these numbers suggested
considerable heterogeneity among the T5 cells, but with
some consistencies. For example, all had more inputs from
Tm2 than Tm1, in some cases up to twice as many. We
made plots for the four selected T5 cells. These revealed that
inputs from Tm2 and Tm9 and from Tm2 and Tm1 have
weighted distributions with centers that diverged from each
other. That divergence constituted a vector for each pair and
each T5 target (Figure 3N). The divergence between the
weighted centers for Tm1 and Tm9 inputs was, by contrast,
less than those for the other two pairs.
Our data do not yet let us saywhether the vector angles form
four subtypes, compatible with the four subtypes a–d of their
T5 targets. The vector angles for the four T5 cells fell along
different directions (Figures 3M and 3N), at least two of the
four quadrants of a polar plot, but we lack information on the
depth in the lobula plate at which each T5 cell terminated
and thus on the subtype to which each cell belonged. This
would have required us to trace the T5 cells across the internal
chiasma, which was not possible in our EM series, which was
cut in a direction from the distal surface of the lobula into the
depth of the lobula neuropil to identify the Tm terminals,
whereas tracing the terminals of T4 and T5 would have
required us to cut ultrathin series in the opposite direction,
into the lobula plate.
T4 and T5 Provide Cholinergic Input to the Lobula Plate
Neurotransmitters have not been well documented in
Drosophila for either T4 or T5, although at least one subtype
(b) of T4 is labeled by a Cha-Gal4 line [32]. In different, larger
species of flies, some T4 and T5 cells are reported to be
GABA [33] or aspartate (T5) immunoreactive [30]. To determine
the neurotransmitter genotype of Drosophila T4 and T5 neu-
rons, we therefore manually isolated GFP-labeled T4 and T5
neurons and used RT-PCR to assess mRNA expression of
diagnostic transporters or biosynthetic enzymes for known
neurotransmitters [34, 35]. While RT-PCR detected the pres-
ence of transcripts for all diagnostic genes in the optic lobe
(data not shown), only transcripts of choline acetyltransferase
(ChAT) were identified in T4 and T5 (Figures S1A and S1A0),
suggesting that these two cell types are likely to be cholin-
ergic. We quantified ChAT transcript level using real-time
PCR and found that T5 expressed high levels of ChAT tran-
script (5,952 6 617 copies per cell), comparable to those of
Rp49, a ribosomal protein (8,5136 412 copies per cell; Figures
S1D andS1F). The expression of ChAT, but not VGlut, in T4 and
T5 neurons was further confirmed by immunohistochemistry
against the products of these two genes using anti-ChAT
and anti-VGlut antibodies (Figures 4A and 4B), strongly sug-
gesting that all T cells of both types, T4 and T5, express a
cholinergic phenotype. In agreement, intersectional genetics
(split Gal4: [36]) and pharmacologic approaches together indi-
cate that the LPTCs receive excitatory cholinergic input from
both T4 and T5 [37]. We cannot exclude that either or both
cell types, or their four respective subtypes, may additionally
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Figure 3. Anatomical Receptive Fields of Four T5 Dendritic Arbors
(A–L) Four reconstructed T5 cells (T5-01, in A–C; T5-02, in D–F; T5-08, in G–I; and T5-11, in J–L) as seen from the proximal to distal face of the lobula. Synaptic
input sites from three types of Tm cells (Tm1, Tm2, and Tm9) are color coded (cyan, magenta, and orange, respectively) in paired combinations. Synaptic
contacts (T bar ribbons) are from Tm2 and Tm9 (A, D, G, and J), Tm1 and Tm2 (B, E, H, and K), or Tm1 and Tm9 (C, F, I, and L). Each Tm cell’s synaptic input is
restricted to a limited zone of the T5 dendritic arbor, and input areas for different Tm cells (Tm2 and Tm1, Tm2 and Tm9) to each single T5 cell are generally
segregated, suggesting that the T5 receptive field incorporates at least two pairs of anatomical subcomponent fields: Tm1/Tm2 and Tm2/Tm9.
(M) Diagram of the array of lobula columns, rhomboids (each assumed to correspond to a bundle of axon terminals and to an overlying medulla column),
within which are plotted the distribution of Tm cell synapses corresponding to the same T5 cells shown in the horizontal row to the left. Color-coded rhom-
boids indicate the number of input synapses in each column (from one to more than seven) from specific Tm cells (magenta, Tm2; orange, Tm9; and cyan,
Tm1). One T5 cell may receive inputs from multiple Tm cells in multiple columns, the receptive field encompassing more than a single column. For each T5
cell, inputs come from two to six columns overall, contributed by all three types of Tm input. These arise for each Tm input from between one and five of the
columns. So, for example, comparing inputs from Tm1 with those from Tm9, most inputs arise from a corresponding set of columns, but the overlap is not
perfect. Thus for T5-08, Tm9 inputs come from five columns, whereas Tm1 inputs come from only four.
(N) The summed numbers of synapses distributed over several columns, shown as the corresponding x,y coordinates (mm) for Tm1 (cyan), Tm2 (magenta),
and Tm9 (orange) inputs, relative to their sum (gray). Error bars indicate the SD of the x,y coordinates for each synapse, providing ameasure of the spread of
inputs from each Tm input. Tm2 and Tm9 as well as Tm1 and Tm2 provide two anatomical receptive field subcomponents with significant angular separa-
tion. The angular offset between each Tm1, Tm2 and Tm2, Tm9 pair falls in the same direction for each T5 cell, indicating congruence of the displacement
vector for the T5 subtype. For T5-08, the offset between Tm2 and Tm9 is ambiguous. No significant difference is seen between the summed distributions of
Tm1 and Tm9 inputs. Tm4 inputs are too few to plot reliably.
See also Table S1.
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1066Da7 cholinoceptors are expressed on the fine dendrites of HS
cells [38], it is moreover likely that the cholinergic inputs of T4
and T5 to the LPTCs are excitatory [32], as also concluded in a
parallel study [37].
L2 and L3 Pathways Provide Cholinergic Inputs to T5
Although reported to converge upon the T5 layer of the lobula
in larger fly species [30], Tm9 was initially an unexpected
synaptic input to T5 in Drosophila because its own major input
in the distal medulla comes from neither the L1 nor the L2pathway, but from a third type of lamina input neuron, L3 [2],
not previously recognized for its involvement in motion
sensing. L3 has been implicated in landmark orientation [18],
but in parallel with our identification of Tm9’s input to T5, imag-
ing and silencing experiments have revealed that L3 also
cooperates with L1 and L2 in the circuits that detect moving
light and dark edges [3]. Tm9’s inputs to T5 thus provide us
with an anatomical substrate for that cooperation in the lobula.
We next sought to identify candidate neurotransmitters
in these pathways. The L2 pathway contains cells with
Figure 4. T4, T5, Tm9, and Tm1 Neurons Express Immunoreactivity to
Choline Acetyltransferase, ChAT, red, but Not Vesicular Glutamate Trans-
porter, VGlut, Cyan
(A–D) T5, T4, Tm9, and Tm1 neurons are labeled with the mCD8::GFP mem-
brane marker (green) using T5-Gal4, T4-Gal4, Tm9-Gal4, and Tm1-Gal4
drivers, respectively.
(A) T5-GFP expression highlights a band of dendrites in lobula stratum Lo1
and cell bodies (CB) in the lobula plate cortex and their axons in the internal
chiasma between lobula and lobula plate.
(B) T4-GFP expression highlights a band of dendrites concentrated in
medulla stratumM10 and cell bodies (CB) in the lobula plate cortex and their
axons penetrating the lobula plate and entering the internal chiasma
between medulla and lobula plate.
(C) Tm9-GFP expression reveals somata (CB) in the medulla cortex, axons
that penetrate the medulla neuropil, an arborization in stratum M3, and a
band of terminals in lobula stratum Lo1.
(D) Tm1-GFP expression reveals somata (CB) in the medulla cortex, den-
drites that arborize in medulla strata M2 and M9, and axons that terminate
in lobula stratum Lo1. The Gal4 line also labels uncharacterized neurons
in the lobula (+) and lobula plate.
The lower panels show high-magnification views of the corresponding cell
bodies (asterisks) in the cortex of the lobula plate (A and B) and medulla
(C and D), distributed among cell bodies of other neurons (no asterisk).
The left-hand image of each pair shows all three labels; for clarity, the green
channel is omitted in the right-hand panel, to show that all GFP expressing
somata are also ChAT positive. Scale bars represent 30 mm in (A)–(D) and
5 mm in the lower panels. See also Figure S1.
Inputs to T5 in the Fly’s Lobula
1067cholinergic phenotypes. Thus L2, L4, and their common target
Tm2 all express transcripts for ChAT [25] so that at least
one input to T5 should be cholinergic. To identify theneurotransmitter credentials of Tm9, we used RT-PCR to
access mRNA expression of diagnostic transporters or
biosynthetic enzymes for known neurotransmitters in GFP-
labeled Tm9 cells [39]. We detected only ChAT mRNA in
Tm9, suggesting that Tm9 is cholinergic (Figure S1A00), even
though this morphological cell type in large fly species is re-
ported to beGABApositive [30]. Quantitative real-time PCR re-
vealed that Tm9 expressed high levels of ChAT transcript
(6,272 6 510 copies per cell), comparable to those of Rp49,
a ribosomal protein (8,397 6 707 copies per cell; Figures
S1D and S1F). The cholinergic phenotype of Tm9 was further
confirmed using anti-ChAT immunolabeling (Figure 4C). Based
on the expression pattern of ChAT-Gal4, Tm1 and Tm4 have
also previously been suggested to be cholinergic [32]. We
confirmed this possibility for Tm1 by immunolabeling a Tm1-
Gal4 line [40] with anti-ChAT, revealing that Tm1 expresses
ChAT but is not immunoreactive to VGluT and therefore is
indeed likely to be cholinergic (Figure 4D). However, we were
not able to confirm a cholinergic phenotype for Tm4 cells using
single-cell transcript profiling or immunohistochemistry
because we lack a specific Gal4 line for this cell type. In sum-
mary, T5 receives inputs from Tm1, Tm2, and Tm9 that are
genetically qualified to be cholinergic, as well as from Tm4,
which is also reported to be cholinergic, thus receiving acetyl-
choline from all its anatomically identified synaptic inputs.
To further characterize the nature of transmission at Tm/T5
connections, we extended our transcript profile analyses of
T5 to include all known Drosophila acetylcholine receptors.
The Drosophila genome encodes seven nicotinic alpha (nA-
cRa1–nAcRa7) and three beta (nAcRb1–nAcRb3) subunits, as
well as two muscarinic (mAchR-A and mAchR-B) cholinocep-
tors (Figures S1B and S1B0) [25, 34, 41]. Interestingly, we found
that T5 expresses the transcripts of nAcRa3 (CG2303) and
nAcRb3 (CG11822) nicotinic cholinoceptors, as well as those
of an A-type muscarinic cholinoceptor (mAchR-A [CG4356]),
suggesting that T5 signals cholinergic Tm inputs by means
of both ionotropic and metabotropic cholinoceptors (Fig-
ure S1B0). The Drosophila mAchR-A is homologous to the
vertebrate m1/m3-type muscarinic cholinoceptors, which
couple to Gq/11 and the IP3 (inositol 1,4,5-trisphosphate)
second messenger pathway to mobilize intracellular calcium
(reviewed in [42]). Quantitative PCR further revealed that T5
expresses mAchR-A, but at a rather more modest level
(2,914 6 725 copies per cell; Figure S1E) than that of ChAT
or Rp49 (Figures S1D and S1F). For comparison with T5, and
in view of the similar functions and common targets of these
two cell types, we also determined the expression patterns
of cholinoceptors in T4 cells by means of single-cell transcript
profiling. We found that T4 likewise expresses both nicotinic
andmuscarinic cholinoceptors, but that these differ somewhat
from those expressed in T5: T4 expresses nAcRa7 (CG8109)
and nAcRb3 (shared with T5), as well as mAchR-B (CG7918)
(Figure S1B). The significance of cholinergic receptor expres-
sion in T4 must await resolution of the transmitters used by
both Mi1 and Tm3.
Discussion
Does T5 Use Its Nicotinic and Muscarinic Cholinoceptors
to Integrate Multiple Tm Inputs for Motion Detection?
The L2 pathway has been identified as the substrate for de-
tecting moving dark edges [7, 43]. L2’s partner cell, L4, and
its common medulla target, Tm2, are both essential compo-
nents of this dark-edge pathway prior to the computation of
Figure 5. Models of Motion Detection Pathways and Proposed Molecular
Mechanisms
(A) Input pathways to T4 and T5 comprise single-column and multicolumn
(yellow) Tm cells. L1 pathways (magenta) via single-column Mi1 and multi-
column Tm3 cells converge upon T4 in the proximal medulla [2]. L2 path-
ways (cyan) via single-column Tm1 and Tm2 [25] and multicolumn Tm4 [2]
cells converge upon T5 in the distal lobula, along with Tm9 [2] from the L3
pathway (yellow). T4 and T5 cells in turn provide direction-selective inputs
to LPTCs.
(B) Hypothetical implementation of Barlow-Levick (B-L) and Hassenstein-
Reichardt (H-R) models. In both, T5 is proposed to use muscarinic cholino-
ceptors (mAchR) to receive a delayed signal from Tm1 and Tm9 and
nicotinic receptors (nAchR) to receive an instantaneous signal from Tm2.
In the B-Lmodel, these two signals converge antagonistically: the activation
of nAchR increases sodium conductance and depolarizes the membrane,
while the activation of mAchR leads to calcium release from internal stores,
the activation of a high-conductance calcium-dependent potassium (BK)
channel, and eventual membrane hyperpolarization. In the H-R model, the
instantaneous and delayed signals interact synergistically: activated
mAchR inhibits a Kv type potassium channel, leading tomembrane depolar-
ization, while activating nAchR depolarizes the membrane. PD, preferred
direction of motion; NPD, nonpreferred directions of motion. t1, t2, and ta
indicate time delays in Tm1, Tm9, and T5, respectively.
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1068directionality, which occurs first in the dendrites of T5 [1]. Tm2
and L4 cells both respond with a nondirectional increase in
activity to moving dark (OFF) edges, and silencing of both
either singly or in combination also abolishes the response
tomoving dark edges in downstream LPTCs [44]. The anatom-
ical receptive fields we report for the input terminals to T5 cell
dendrites are compatible with Tm2’s being wired as one of the
two arms of an EMD circui and with Tm1, Tm9, or both as the
other (Figures 5A and 5B). The existence of two EMD circuits
would require that the inputs from Tm1/Tm2 and Tm9/Tm2
have aligned vector angles, since each T5 receives bothcircuits but must respond to dark-edge motion in only one of
the four cardinal directions. This alignment is clear for three
of the T5 cells plotted in detail, but less so for T5-08 (Figure 3N).
Clearly, additional detailed plots of T5 anatomical receptive
fields are needed.
Even though this scheme is still highly speculative, nonlinear
interaction between two input arms of the EMD circuits is the
computational basis of local motion-detection models, while
specific computational models favor different types of inter-
actions: either multiplication or facilitation for the Hassen-
stein-Reichardt model [4] or inhibition for the Barlow-Levick
model [6] (Figure 5B).
A parallel may be seen in the vertebrate retina. There, turtle
B10 bipolar cells use ionotropic and metabotropic glutamate
receptors to signal, respectively, L and M cone inputs, a dual
deployment that has been suggested to form the basis for
B10 red-ON, blue/green-OFF color opponency color oppo-
nency [45]. The expression of both nicotinic and muscarinic
cholinoceptors in T5 may provide a similar means to integrate
multiple cholinergic Tm inputs and so compute small-field
motion signals. Vertebrate muscarinic receptors are coupled
to G proteins and various downstream signaling pathways to
regulate a broad spectrum of cellular functions, including
neuronal excitability [46]. In Drosophila, agonist activation of
mAchR-A acts via the IP3 pathway to increase calcium release
from internal stores [47], which elsewhere is reported in turn to
activate high-conductance calcium-dependent potassium
(BK) channels (the Slowpoke channel), leading to membrane
hyperpolarization [48]. It was therefore interesting that, using
single-cell RT-PCR, we detected slowpoke transcripts in
both T4 and T5 (Figure S1C), consistent with a previous immu-
nohistochemical study that Slowpoke is expressed in the optic
lobe, including the lobula [49]. We propose that these two
postsynaptic events, mAchR-A-mediated increased intracel-
lular calcium and mAchR activation of Slowpoke channels,
occur at postsynaptic sites activated by different inputs
distributed over the T5 dendritic arbor (Figure 5B). Given the
relative temporal inflexibility of an excitatory nicotinic cholino-
ceptor synaptic response and the fact that their anatomy qual-
ifies Tm2/Tm9 and Tm2/Tm1 input pairs as two independent
pairs of EMD input arms to T5 that share Tm2, it seems most
reasonable to us that T5 uses the nicotinic receptor inputs
for fast excitation from Tm2 (as the instantaneous signal) and
compares this with a slow inhibitory input from either Tm9 or
Tm1 (as the delayed signal). This arrangement could allow T5
to inherit motion information with two temporal characteristics
provided that Tm1 and Tm9 have their own time delay (t1 and
t2; Figure 5B). The coupling of the inhibitory inputs to second-
ary messenger system also provides a potential mechanism to
adapt the temporal delay filter (ta in Figure 5B) [50–52). In addi-
tion, the activation of Drosophila mAchR-A in cultured cells
also induces a secondary calcium influx, potentially originating
from an extracellular calcium pool [47], while the activation of
vertebrate muscarinic receptors has been shown to inhibit
potassium channels, including those of the Kv7 (KCNQ/M)
type, and to lower the excitability threshold (Figure 5B)
[53, 54]. It is therefore possible that an interaction between
the nicotinic and muscarinic inputs provides some form of
multiplication, as suggested in the Hassenstein-Reichardt
model (Figure 5B). Further definition of the roles of the Tm1,
Tm2, and Tm9 input cells as input arms to different EMD
circuits and determination of the synaptic mechanisms for
detecting moving dark edges must obviously await additional
genetic silencing experiments and electrophysiological
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1069recordings from all these cells, which this study now clearly
identifies as synaptic inputs to T5 in Drosophila.
Experimental Procedures
Fly Stocks
Fly stocks were maintained on standard medium at 23C–25C. The geno-
types of the flies are listed in Table S2.
Cell Dissociation, Single-Cell Isolation, and RT-PCR
Single Tm2, T4, and T5 neurons labeled with GFP were dissociated from
adult medulla or lobula plate cortices, and single GFP-positive cells were
collected using a custom-made capillary aspiration system as previously
described [25]. In brief, total RNA from lysed single cells was reverse tran-
scribed to cDNA. PCR analyses were used to determine the presence
of specific transcripts for neurotransmitter transporters, biosynthesis en-
zymes, and acetylcholine receptors, as well as the slowpoke gene. Detailed
procedures for cell dissociation, single-cell isolation, PCR primers, and sin-
gle-cell PCR assay were carried out as described previously [25, 35]. PCR
primers for amplifying slowpoke transcript are as follows:
First-round PCR primer sequence: forward, 50-TATACTCAGCATTG
CATCCCTC-30; reverse, 50-GATGTATAATGCCCGCTGCTG-30
Nested PCR primer sequence: forward, 50-AGCGAAGAAGTCGAAAG
ATGC-30; reverse, 50-GTTGAGCCAAGCGTATGGAG-30Immunohistochemistry
Brain dissection, fixation, immunohistochemistry, and confocal imaging
were undertaken as described previously [55]. The following primary anti-
bodies were used: mouse anti-GFP (3E6, Life Technologies; 1:200), mouse
anti-ChAT (4B1, DSHB; 1:200), and rabbit anti-DVGlut ([56]; 1:10,000). The
secondary antibodies used were goat anti-mouse or rabbit conjugated
with Alexa Fluro 488, 568, and 647 (Life Technologies) at a 1:400 dilution.
Electron Microscopy
Specimens were prepared for EM, and reconstructions were made from
series of 50 nm sections. Ultrathin series were prepared as previously
reported [57]; those with targeted expression of HRP were processed also
as previously reported [58]. Images were captured using a Gatan Orius
832 11 MB camera with a Philips Tecnai 12 electron microscope operated
at 80 kV. Image series were aligned using the TrakEM2 plugin [59] for Fiji
(http://fiji.sc/), and cells were reconstructed. Procedures to locate synaptic
inputs and their distributions over T5 arbors are summarized in the Supple-
mental Experimental Procedures.
Supplemental Information
Supplemental Information includes one figure, two tables, and Supple-
mental Experimental Procedures and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2014.03.051.
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